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Abstract 
Linalool is a major volatile compound used frequently as an ingredient of perfumes and fragrances. Typically, it is produced 
by chemical routes that are not eco-friendly. We have previously succeeded to construct a synthetic Escherchia coli 
producing linalool. However, the linalool productivity of this strain is not economically feasible. In this work, the metabolic 
network of this synthetic E. coli was analyzed by using constraint-based modeling through flux balance analysis (FBA) and  
single gene deletion analysis to enhance linalool production. The results suggest that a deletion of gdh gene can improve the 
production of linalool by 14 folds with no growth reduction. The analysis of metabolic flux distribution reveals that the 
fluxes around glyceraldehyde-3-phosphate and pyruvate, which are the intermediates for the biosynthesis of DXP and 
linalool, are markedly increased in gdh-deleted strain.  
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1. Introduction 
Volatile compounds from flowers are mostly applied in perfumes, cosmetics, and many foods and beverages 
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[1]. Moreover, floral volatiles are still used as the alternative medicine, called aromatherapy, for the purpose of 
altering a person's mind, mood, cognitive function or health [2]. Generally, the ingredient of flavors can be 
obtained through two major sources, plants or animals and chemical synthesis. However, the processes of 
flavors production through chemical routes are not eco-friendly and often cause racemic mixtures or chemical 
by-products. Similarly, the amount of the volatile compounds extracted from plants and animals are usually in a 
very low concentration, and as such these compounds are rather expensive because of isolation and purification 
process [3]. 
Linalool, terpene alcohol found in many flowers and plants, is a major volatile compound used in many 
commercial applications, e.g. perfume and flavor industries [4]. Some interesting gene for linalool biosynthesis, 
for example, linalool synthase (LIS) which converts geranyldiphosphate (GPP) to linalool, has been 
overexpressed in petunia and carnation, by genetic engineering techniques. The results suggested that linalool 
was produced in their both leaves and flowers [5]. In 2010, we succeeded in design and construction of a 
synthetic E. coli producing linalool from the wild-type E. coli strain YYC912 by using synthetic biology 
approach. However, the amount of linalool production from this synthetic E. coli is relatively low [6]. 
Since the past two decades, metabolic engineering has been the new technology introducing specific 
modifications of metabolic pathways to quantitatively improve cellular properties [7]. This technique can 
provide information about how to overproduce of the desired metabolite by using analysis of metabolic flux 
distribution in an organism. Moreover, metabolic engineering has the potential to produce a large number of 
nonrenewable or limited chemicals from simple, readily available and inexpensive starting materials [8]. The 
fluxes of intracellular metabolites are calculated by using flux balance analysis (FBA) with constraint-based 
modeling [9]. In addition, the model can be used as a tool for rational improvement of desired product by gene 
deletion analysis. [10]  
In this paper, we apply metabolic engineering approach to enhance linalool production in synthetic E. coli 
producing linalool by single gene deletion analysis. This work identifies genes that could be removed from the 
network so as to increase linalool production. 
2. Materials and Methods 
2.1 Model reconstruction 
The genome-scale metabolic model of E. coli K-12 MG1655 (iJR904 GSM/GPR) from Reed et al., 2003 
[11] was used as a model template in this study. This metabolic model was downloaded from The Model SEED 
(http://seed-viewer.theseed.org). This model consists of 768 metabolites, 892 genes and 921 unique 
biochemical reactions. Then, the model was modified in order to better represent desired model, the model of 
synthetic E. coli producing linalool. The modifications (Table 1) are consisted of two steps, deletion and 
insertion of reactions. First, the reaction named “rxn00473” was deleted from the model to construct the model 
of E. coli strain YYC912 because this E. coli strain has been removed tnaA gene producing indole compound in 
a given reaction from K12 strain [12]. Second, two metabolic reactions, one transport reaction and one 
exchange reaction were added to the model so as to create the model of synthetic E. coli producing linalool 
because this E. coli strain was a mutant strain from YYC912 strain with insertion of linalool biosynthesis 
pathway [11]. These metabolic reactions were constructed on the basis of KEGG pathway database 
(http://www.genome.jp/kegg/pathway.html).  Then, this modified model was implemented in the COBRA 
toolbox version 2 in MATLAB platform [13]. 
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Table 1. Modifications of iJR904 model 
Reaction 
name 
Reaction formula* Enzyme name Subsystem Modification 
rxn00473 L-Tryotophan + H2O ↔ indole + pyruvate +  NH3 Tryptophanase Metabolic pathway Deletion 
GPPS DMAPP ↔ GPP GPP synthase Metabolic pathway Insertion 
LIS GPP → LIN(c) LIN synthase Metabolic pathway Insertion 
LISex LIN(c) ↔ LIN(e) - Transportation  Insertion 
EX_LIS(e) LIN(e) ↔ - Exchange flux Insertion 
*List of abbreviation for all metabolite is given in Appendix A  
2.2 Testing of iJR904 model 
iJR904 model was simulated by FBA through COBRA toolbox version 2 in MATLAB platform  in order to 
test the validity of the model. The simulated fluxes of biomass formation (μ) were compared with the fluxes 
from experiment [16].  
The biochemical reactions and metabolites from a set of linear equations which can be expressed in matrix 
notation as: 
rxA  .  (1) 
where A  is the stoichiometric matrix, x  is the vector of unknown fluxes  and r  is the vector of the 
accumulation rate. Assuming pseudo-steady state for intracellular metabolite, the respective accumulation rate 
can be set to zero [14-15]. The objective function was defined as ‘maximize growth’. The flux of glucose 
uptake (RGLC; mmol/gDW/h) used as a constraint in the model and flux of biomass formation (μ; h-1) are based 
on data given by Kayser et al., 2005 [16]. 
2.3 Validation of our synthetic E. coli model 
The synthetic E. coli model was validated by comparing μ and RGLC between prediction (simulation) and 
real (experimental measurement). The experimental data are based on the condition of our synthetic E. coli 
cultivated in Luria Broth (LB) medium with shaken flasks at 37 oC. Bacterial growth was measured every two 
hours until a full 48 hours; after that, it was determined every 24 hours, through 168 hours, via 
spectrophotometer with optical density at 600 nm (OD600). The cell cultures were centrifuged and the 
supernatant was later used for glucose and linalool assays. For glucose assay, 1 ml of sample supernatant was 
mixed with 1-ml of 3,5-dinitrosalicylic acid (DNS) reagent, heated at 90 oC for 15 minutes, cooled to room 
temperature, and measured for absorbance at 570. For linalool assay, 25 ml of a sample was added in a 
separatory funnel containing 25 ml of heptane (99% w/v). The separatory funnel was shaken rigorously for 45–
60 minutes. Then, samples of both layers were withdrawn using syringes and analyzed by gas chromatography, 
SHIMADZU GC-17AAF series equipped with a INNOWAX column (60 cm x 0.32 cm x 0.25 μm), with 
helium as the mobile phase. The data from measurement, cell density, glucose and linalool concentration were 
calculated to find μ, RGLC and specific linalool production rate (RLIN; mmol/gDW/h) of growth phase (phase 1) 
and metabolite production phase (phase 2), by following equation: 
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where CX  is average cell density (g/l) of each time interval dt (h), MWi is molecular weight (g/mol) of each 
compound and dCX and dCi are difference of cell density (g/l), and other compounds (g/l) of each dt, 
respectively.  
For model simulation, μ and RGLC from experiment were used as constraints. Moreover, the model was 
constrained by the fluxes of other carbon sources because E. coli will not consume only glucose, but also 
consume other carbon sources in the LB medium. Selvarasu et al., 2008, advise that key carbon sources used 
by E. coli are glucose, tehalose and amino acid. Table 2 represents the flux supply of 20 amino acids and 
trehalose modified from Selvarasu et al.[17]. Fluxes through all other internal reactions have an upper limit of 
1 × 1030; if the reaction is reversible the lower limit is -1 × 1030 and if it is irreversible the lower limit is zero. 
2.4 Rational analysis of metabolic network for enhancing linalool synthesis 
The model of synthetic E. coli producing linalool was rationally analysed through COBRA toolbox version 
2 in MATLAB platform by single gene-deletion analysis. Metabolic genes of original synthetic E. coli model 
(OSEC strain) were analysed by single gene-deletion (SGD) method in order to identify modified synthetic E. 
coli (MSEC strain) that can overproduce linalool. For the SGD method, our synthetic E. coli model were 
simulated and identified for the values of μ and RLIN after removing a metabolic reaction one at a time (574 
reactions in total with annotated genes). These were done in two different phase conditions, phases 1 and 2 
conditions given in Section 2.3 (using MSF phases 1 and 2 calculated in this following section). After that, μ 
and RLIN simulated from SGD method in phases 1 and 2 were used to calculate the effectiveness score (ES). 
This score denotes the effectiveness of linalool production after gene knockout. This parameter was defined to 
select appropriate genes. ES can be calculated from this formula: 
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 (4) 
where μKO and μWT are the specific growth rates in phase 1 of MSEC and OSEC strains, respectively. And, 
WT
LINR  and 
KO
LINR  are the rates of specific linalool production in phase 2 of MSEC and OSEC strains, 
respectively. The MSEC strains with positive ES were picked up to find the group of MSEC strains that can 
overproduce linalool in phase 2 but not reduce the growth rate in phase 1. The MSEC strains with no growth 
reduction would be filtrated from all MSEC strains. So, we can get MSEC strains as candidate for further 
construction in laboratory. 
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Table 2. Fluxes of glucose, 20 amino acids and trehalose used as constraint for simulation 
Parameters 
(mmol/gDW/h) Phase 1  Phase 2 
Alanine 0.369 1.53x10-3 
Arginine 1.17 4.87x10-3 
Asparagine 0.041 1.71x10-4 
Aspartate 0.203 8.44x10-4 
Cysteine 0 0 
Glutamic 0.445 1.85x10-3 
Glutamine 0 0 
Glycine 0.014 5.77x10-5 
Histidine -1.642 -6.84x10-3 
Isoleucine 0.089 3.70x10-4 
Leucine 0.235 9.76x10-4 
Lusine 0.096 4.00x10-4 
Methionine 0.084 3.48x10-4 
Phenylalanine 0.096 4.02x10-4 
Proline 0.096 4.00x10-4 
Serine 1.722 7.17x10-3 
Threonine 0.288 1.20x10-3 
Tyrosine 0.035 1.47x10-4 
Tryptophan 0 0 
Valine 0.071 2.9710-4 
Trehalose 0.6 2.5010-3 
3. Results 
3.1 Comparing the fluxes between experimental data and simulation 
The feasibility of using iJR904 model for prediction of reasonable flux distribution was further validated by 
proving its ability to predict the measured growth rate (μ). The experimental data of glucose uptake rate (RGLC) 
and growth rate (μ) are based on literature information [16]. Simulations of μ using iJR904 model in each 
condition (each glucose constraint) are shown in Table 3. This result indicated that the lower RGLC input (1.41-
2.79 mmol/gDW/h) will have more relative deviation than higher RGLC input (3.01-4.02 mmol/gDW/h). The 
average relative deviation of μ used as a parameter for identification of model validity was 9.61%. So, this 
indicates that iJR904 model is applicable for use because the average relative deviation, the average value of 
different between prediction and real, for μ was less than 15% [16]. 
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Table 3. Comparison of external fluxes from in vivo experiment and iJR904 model  
RGLC 
(mmol/gDW/h) 
μ from 
experimental 
data (1/h) 
μ from 
simulation 
(1/h) 
Relative 
deviation 
1.41 0.13 0.15 14.18 
1.59 0.15 0.17 14.67 
1.81 0.17 0.2 15.29 
2.08 0.2 0.23 11.33 
2.79 0.27 0.3 14.34 
2.81 0.28 0.31 8.93 
3.01 0.3 0.33 9 
3.36 0.35 0.37 5.19 
3.56 0.38 0.39 2.93 
3.57 0.39 0.39 0 
4.02 0.4 0.44 9.82 
Average relative deviation 9.61 
 
3.2 Validation of synthetic E. coli model 
Aerobic cultivation with LB medium of the synthetic E. coli in shake flask was performed to identify μ, RGLC 
and RLIN for use as constraints (μ and RGLC) in the model. From calculation using equation 2 and 3, the values 
of μ, RGLC and RLIN in phases 1 and 2 from experiment were shown in Table 4. Flux analysis for validation of 
our synthetic E. coli model was performed by inputting all constraints in COBRA toolbox through MATLAB 
program to simulate μ and RLIN. The values of RGLC (Table 4) and other flux supply from amino acids and 
trehalose (Table 2) in phases 1 and 2 were used as constraints for model simulation. Table 5 shows comparison 
between simulated result and experimental data of μ and RLIN. This result shows that the relative deviation of μ 
in phases 1 and 2 are 0.18% and 12.1% and of RLIN in phase 2 are 13.9%. This indicates that our synthetic E. 
coli model is valid and applicable for use because the average relative deviation for μ was less than 15% [16]. 
Moreover, from simulation, this still indicates that RLIN in phase 1 is not equal to zero but the synthetic E. coli 
may synthesize low amount of linalool because of growth phase is not production phase, so, there are the 
concentration of linalool in the solution and the measurement cannot detect. 
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Table 4. The values of μ, RGLC and RLIN of the synthetic E. coli cultivated in shake flask with LB medium. 
Parameters 
Experimental data 
phase 1 phase 2 
μ (1/h) 0.88 0.0033 
RGLC 
(mmol/gDW/h) 
2.402 0.001 
RLIN 
(mmol/gDW/h) 0 5.55x10
-05 
Table 5. Comparison between predicted and experimental fluxes 
Parameters 
Experimental data Simulation Relative deviation 
phase 1 phase 2 phase 1 phase 2 phase 1 phase 2 
μ (1/h) 0.88 0.0033 0.8818 0.0037 0.18 12.1 
RLIN 
(mmol/gDW/h) 0 5.55x10
-05 6.56x10-17 4.78x10-05 - 13.9 
3.3 Rational analysis of metabolic network for enhancing linalool synthesis 
To perform single gene deletion analysis, 574 metabolic reactions with annotated genes were selected. We 
calculated the effectiveness score (ES) to select modified synthetic E. coli (MSEC) strains after single gene 
deletion (SGD) by using Equation 4. There are 58, 168, 201 and 147 MSEC strains that have positive, zero, 
negative and N/A ES, respectively. This indicates that there are 58 MSEC strains that can produce linalool in 
the metabolite production phase (phase 2) and still grow in growth phase (phase 1) after SGD. However, there 
are many MSEC strains that have the growth rate lower than the original synthetic E. coli (OSEC) strain. So, 
we have to leave these types of MSEC strains out by investigating from percentage growth reduction. Fig. 1 
presents the percentage growth reduction of each MSEC strain. This result indicates that there are 13 MSEC 
strains that have lower growth rate than the OSEC strain. These are strains that are removed tpiA, eno, ytjC, 
mdh, tktA, deoB, proA, proB, sucC, frdB, gltA, fumA, and icd gene by SGD. And, there are still 33 MSEC 
strains (repetitive genes are uncounted). These 33 genes are in 15 pathways in E. coli including fatty acid 
metabolism, glutamate metabolism, glycerophospholipid metabolism, glycolysis / gluconeogenesis, glyoxylate 
metabolism, maltose and maltodextrin utilization, pentose phosphate pathway, phenylalanine, tyrosine and 
tryptophan biosynthesis, propanoate metabolism, pyruvate metabolism, serine biosynthesis, tricarboxylic 
acid cycle, triacylglycerol metabolism, ubiquinone biosynthesis and vitamin B6 metabolism. The best pathway 
that contain appropriate knockout gene is ubiquinone biosynthesis pathway. There are 8 MSEC strains in 
ubiquinone path way including ubiA, ubiB, ubiC, ubiE, ubiF, ubiG, ubiH and ubiX gene. These pathways 
directly associate with linalool biosynthesis pathway because primary precursor for linalool synthesis, DMAPP, 
is synthesized in ubiquinone pathway. So, MSEC strains that are knockout with these genes may directly 
increase linalool production. Interestingly, MSEC strains with ubiG gene knockout present in two reaction, 
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rxn03395 and rxn08353. This indicates that SGD of ubiG gene may enhance linalool production more than the 
others deleted genes in ubiquinone group. 
Considering the best candidate MSEC strain, the result from Fig. 1 proposes that this strain is MSEC strain 
with gdh gene knockout. This strain performs highest percentage linalool improvement by 1,451% (14 folds). 
This gene encodes Glucose-6-phosphate 1-dehydrogenase enzyme that catalyses D-glucose-6-phosphate to be 
6-phospho-D-glucono-1-5-lactone in pentose phosphate pathway. This reaction indirectly involves the linalool 
biosynthesis pathway. However, deletion this reaction can increase linalool production as shown in Fig. 2. 
Investigation of intracellular flux distribution of MSEC comparing with OSEC in Fig. 2 indicates that when 
this reaction was deleted, intracellular metabolic fluxes were shifted. Enhancement and reduction of metabolic 
fluxes after knocking out this reaction represented as green arrow indicates up-regulation of the rate of linalool 
production. There is a shift of fluxes around glyceroldehyde-3-phosphate and pyruvate, which are intermediates 
of DXP pathway, and of fluxes for the route to linalool biosynthesis. This flux shift leads to overproduction of 
linalool in modified synthetic E. coli after deletion of gdh gene. However, there is still a decreased flux of 
pyruvate synthesis (red arrow). This may be the growth optimization of the cell for stabilizing the growth rate 
because pyruvate is a precursor for biomass formation. 
4. Conclusion 
Metabolic engineering provides important tools for modification of specific biochemical reactions or 
introduction of new reaction pathways to non-native organism to produce a range of fine chemicals [18]. 
Linalool is one of the most important compounds to perfume and flavor industries [19]. In this work, the 
constraint-based model of synthetic E. coli producing linalool was analyzed to improve the productivity of 
linalool. Here, the synthetic E. coli model was first validated and then employ to determine gene targets whose 
loss leads to linalool overproduction. The ES, percentage of linalool improvement and of growth reduction 
were used to select suitable modified synthetic E. coli strains. Our data indicated that there are 33 strains that 
have positive ES and high linalool improvement with no growth reduction. The gdh–deleted strain is the best 
candidate strain that can improve linalool production by 14 folds. Metabolic flux distribution of intracellular 
metabolite revealed a shift of fluxes around glyceraldehyde-3-phosphate and pyruvate, which are intermediates 
of DXP pathway, and of fluxes for the route to linalool biosynthesis. This flux shift leads to overproduction of 
linalool in the modified synthetic E. coli after the deletion of gdh gene. Future studies will include the 
construction of a gdh-deleted strain in laboratory to confirm the model prediction. 
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Fig 1. Percentage linalool improvement (bar on left) and growth reduction (bar on right) of each MSEC strain. The various colors indicate 
the various group of pathway of each knockout gene. 
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Fig 2. Metabolic flux distribution of MSEC strain with gdh gene knockout (number on right of rectangular) comparing with OSEC strain 
(number on left of rectangular) under phase 2 cultivation in LB medium. All fluxes are expressed in percentage normalized fluxes with 
respect to glucose uptake rate. Green arrows indicate increase and decrease fluxes related to overproduction of linalool, opposing from red 
arrow. All abbreviation of metabolite is shown in Appendix A. 
34   Iyarest Tawornsamretkit et al. /  Procedia Computer Science  11 ( 2012 )  24 – 35 
References 
[1] Dudareva, N. and Negre, F. Practical Applications of Research into the Regulation of Plant Volatile Emission. Current Opinion in Plant 
Biology 2005; 8: 113. 
[2] Shah, Y.R., Sen, D.J., Patel, R.N., Patel, J.S., Patel, A.D. and Prajapati, P.M. Aromatherapy: The Doctor Of Natural Harmony Of Body 
& Mind. International Journal of Drug Development and Research 2011: 3; 286. 
[3] Serra, S., Fuganti, C., and Brenna, E. Biocatalytic Preparation of Natural Flavours and Fragrances. Trends in Biotechnology 2005; 23: 
193. 
[4] Lavy, M., Zuker, A., Lewinsohn, E., Larkov, O., Ravid, U., Vainstein, A., and Weiss, D. Linalool and Linalool Oxide Production in 
Transgenic Carnation Flowers Expressing the Clarkia Breweri Linalool Synthase Gene. Molecular Breeding 2002; 9:103. 
[5] Pichersky, E. and Dudareva, N. Scent Engineering: Toward the Goal of Controlling How Flowers Smell. Trends in Biotechnology 
2007; 25: 105. 
[6] Thanasomboon, R. Circuit Design and Construction of Synthetic Escherichia coli Producing Rose Scent. A Thesis in the Degree of 
Master of Science, Biological Engineering, King Mongkut’s University of Technology Thonburi 2010; 1-2. 
[7] Koffas, M., Roberge, C., Lee, K., and Stephanopoulos, G. Metabolic Engineering. Annual Review of Biomedical Engineering 1999; 
535. 
[8] Takaҫ, S., Ҫalik, G.z., Mavituna, F., and Dervakos, G. Metabolic Flux Distribution for the Optimized Production of L-Glutamate. 
Enzyme and Microbial Technology 1998; 23: 286. 
[9] Keasling, J.D., Manufacturing Molecules through Metabolic Engineering. Science 330, No. 6009, p. 1355. 
[10] Edwards, J.S. and Palsson, B.O. Metabolic Flux Balance Analysis and the in Silico Analysis of Escherichia Coli K-12 Gene Deletions. 
BMC Bioinformatics 2000; 1: 1. 
[11] Reed, J., Vo, T., Schilling, C., and Palsson, B. An Expanded Genome-Scale Model of Escherichia Coli K-12 (Ijr904 Gsm/Gpr)", 
Genome Biology 2003; 4: R54. 
[12] Chang, Y.-Y., Wang, A.-Y., and Cronan, J.E. Expression of Escherichia Coli Pyruvate Oxidase (Poxb) Depends on the Sigma Factor 
Encoded by the Rpos(Katf) Gene. Molecular Microbiology 1994; 11: 1019. 
[13] Schellenberger, J., Que, R., Fleming, R.M.T., Thiele, I., Orth, J.D., Feist, A.M., Zielinski, D.C., Bordbar, A., Lewis, N.E., Rahmanian, 
S., Kang, J., Hyduke, D.R., and Palsson, B.O., Quantitative Prediction of Cellular Metabolism with Constraint-Based Models: The Cobra 
Toolbox V2.0. Nat. Protocols; 6: 1290. 
[14] Stephanopoulos, G., Aristidou, A., and Neilsen, J. Metabolic Engineering: Principle and Methodologies, San Diego, Academic Press 
1998; 725. 
[15] Weber, J., Kayser, A., and Rinas, U. Metabolic Flux Analysis of Escherichia Coli in Glucose-Limited Continuous Culture. Ii. 
Dynamic Response to Famine and Feast, Activation of the Methylglyoxal Pathway and Oscillatory Behaviour. Microbiology 2005; 151: 
707. 
[16] Kayser, A., Weber, J., Hecht, V., and Rinas, U. Metabolic Flux Analysis of Escherichia Coli in Glucose-Limited Continuous Culture. 
I. Growth-Rate-Dependent Metabolic Efficiency at Steady State. Microbiology 2005; 151: 693. 
[17] Selvarasu, S., Ow, D.S.-W., Lee, S.Y., Lee, M.M., Oh, S.K.-W., Karimi, I.A., and Lee, D.-Y. Characterizing Escherichia Coli Dh5α 
Growth and Metabolism in a Complex Medium Using Genome-Scale Flux Analysis. Biotechnology and Bioengineering 2009; 102: 923. 
[18] Shen, C.R. and Liao, J.C. Metabolic Engineering of Escherichia Coli for 1-Butanol and 1-Propanol Production Via the Keto-Acid 
Pathways. Metabolic Engineering 2008; 10: 312. 
[19] Özek, T., Tabanca, N., Demirci, F., Wedge, D.E. and Başer, K.H.C. Enantiomeric Distribution of Some Linalool Containing Essential. 
Rec. Nat. Prod. 2010; 4: 180. 
35 Iyarest Tawornsamretkit et al. /  Procedia Computer Science  11 ( 2012 )  24 – 35 
Appendix A. List metabolite abbreviation  
Abbreviations Metabolite name 
ACCOA Acetyl CoA 
AKG α-Ketogutarate 
CIT Citrate 
DHAP Dihydroxyacetonephosphate 
DMAPP Dimethylallyldiphosphate 
DXP 1-Deoxy-D-xylulose 5-phosphate 
E4P D-Erythose-4-phosphate 
FRU16P D-Fructose-1,6-bisphosphate 
FRU6P D-Fructose-6-phosphate 
FUM Fumarate 
G3P Gecerate-3-phosphate 
GAP Glyceraldehyde-3-phosphate 
GLC6P D-Glucose-6-phosphate 
GLUCOSE External glucose 
GPP Geranyldiphosphate 
HMBPP 1-Hydroxy-2-methyl-2-butenyl 4-diphosphate 
ISOCIT Isocitrate 
IPP Isopentenyldiphosphate 
LIN Internal linalool 
LINALOOL External linalool 
MAL Malate 
OAA Oxaloacetate 
PEP Phosphoenolpyruvete 
PYR Pyruvate 
RIB5P D-Ribose-5-phosphate 
RIBU5P D-Ribulose-5-phosphate 
SED7P D-Sedoseptulose-7-phosphate 
SUC Succinate 
SUCCOA Succinyl CoA 
XYL5P D-Xylulose-5-phosphate 
 
